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EFFECT OF INIET-GUIDE-VANE ANGLE ON PERFORMANCE CHARACTERISTICS 
OF A 13-STAGE AXIAL-FLOW COMPRESSOR IN A TURBOJET ENGINE 
Bjy Arthior A. Medeiros and Howard F. Calvert 


SUMMARY 

THe effect of adjusting conrpressor inlet- guide -vane angle on over- 
all conrpressor performance, stage performance, engine thrust, and 
specific fuel consun^ption was investigated in a 7000-pound- thrust turbo- 
jet engine. Data were obtained at design guide-vane angle, 7° below 
design and 14° and 29° above design. Increasing the guide-vane angle 
decreased the weight flow at the higher compressor speeds. The maxi mum 
design-speed efficiency was obtained with the standard guide-vane angle. 
The pressure ratio for a given nozzle area was decreased at all speeds 
by increasing the guide-vane angle. The ma.x1mum speed at which rotating 
stall was encountered decreased with increasing guide-vane turning, ex- 
cept for the 29°-angle position. In addition, the 29° guide-vane angle 
produced hub stall, whereas the other guide-vane settings produced tip 
stall. 

Changing the gulde-yane angle had no effect on stage performance 
characteristics, other than the first stage. Increasing guide-vane 
turning decreased the maxi immi flow, pressure, and temperatrure coeffi- 
cients for the first stage. 

Ifeximum thrust at design speed was obtained with the -7° guide- 
vane angle, and mln-fTnum design-speed fuel consimiptlon was obtained with 
the standard guide-vane setting. 

INTRODUCTION 

The use of varlable-gecmetry featvires has beccrae common practice 
in modem turbojet engines. The primary reason for using variable 
geometry has been to improve the laccelerating characteristics of the 
engine. Even in engines with good acceleration characteristics, vari- 
able engine geometry may be desirable to delay the occurrence of rotat- 
ing stall and relieve the attendant blade- vibration problems (ref. l) . 
Some of the devices that have been used or considered are (l) retractable 


2 


KACA EM E55K23 


inlet-air baffles, (2) adjustable ccmpressor-inlet guide vanes, (3) ad- 
justable compressor stator blades, (4) con^pressor interstage air bleed, ^ 

i s) compressor discbarge air bleed, (6) adjustable turbine stators, and 
7) adjustable exhaust- nozzle areas. 

The retractable inlet- air baffle is used primarily for the purpose 
of disrupting the periodicity of rotating stall that may result in 
resonant blade vibrations . Reference 2 presents some experimental evi- 
dence of the effectiveness of the baffle in decreasing rotor blade- 
vibration stresses due to rotating stall. Reference 3 indicates that 
the inlet-air baffle can also, in some cases, improve engine accelera- 
tion in the critical intermediate-speed range . 

Adjustable inlet guide vanes, adjiostable compressor stator blades, 
and interstage air bleed are all effective in improving engine accelera- 
tion and delaying rotating stall, by improving the matching of compressor 
stages at flow conditions other than design. The effects of resetting 
giiide vanes and stator blades on compressor perfoimance are given in 
references 4= to 6. The effects of Intersteige air bleed on engine ac- 
celeration are evaluated analytically in reference 7. 

The last three methods, compressor discharge air bleed, adjustable 
turbine stators, and adjustable exhaust-nozzle area, allow the equi- 
librium operating point of a given speed to be at a lower compressor 
pressure ratio, thereby increasing the margin between equilibrium op- 
eration and the stall- limit line of the compressor and pemnittlng more 
rapid engine accelerations. Beca\ise these methods have no effect on 
the compressor performance, they are not very effective in controlling 
severe blade vibrations due to rotating stall. References 8, 9, and 10 
present analytical evaliiatidns of compressor discharge bleed, turbine 
stator adjustment, and exhaust-nozzle-area adjustment, respectively. 

This report presents the effect of inlet-guide-vane-angle adjust- 
ment on the over-all compressor performance, compressor stage perform- 
ance, engine thrust, and specific fuel consumption, and reference 11 
presents the rotatlng-stall and blade-vibration ch^acteristics for a 
7000-povaid-thrust turbojet engine with a 13-stage compressor producing 
a design pressure ratio of approximately 7. The guide-vane angle was 
varied from 7° below to 29° above the design setting. Data were ob- 
tained at speeds from 55 to 100 percent of rated equivalent speed. At 
each speed and guide-vane angle, data were obteilned over the permissible 
range of exhaust- nozzle areas. 

APPARATUS AND INSTRUMENTATION 
Engine 

The turbojet engine used in this investigation had a sea- level 
static thrust of about 7000 pounds. The 13-stage axial-flow compressor 
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handled approximately ISO pounds of air per second and produced a pres- 
sure ratio of about 7. The standard production compressor for this en- 
gine was fitted with fixed-position inlet guide vanes. For this in- 
vestigation they were replaced by a vane assembly in which the guide-vane 
angle coxild be varied 36°. The geometry of the two vane assemblies was 
similar, except that the available variable-angle assembly consisted of 
72 instead of 48 vanes as in the standard fixed-angle assembly. The 
zero position of the variable-vane assembly was set so the flow condi- 
tions through the engine were as close to standard engine conditions as 
possible. The guide-vane actuating mechanism was positioned so the 
guide vanes could be moved f rcm 7° below to 29° above the zero guide- 
vane setting. The angle was meas^Jred with respect to the axis of the 
engine, so that the higher angle Indicates more tviming of the air 
throu^ the guide vane. Four guide- vane positions were Investigated, 

-7°, 5 °, 14°, and 29°. 


Installation 

The engine was Installed in a sea- level test stand; therefore, the 
inlet conditions were those of the ambient atmosphere. A variable-area 
exhaust nozzle was vised so that a range of compressor operation could 
be obtained. The nozzle was sized so that with maximum area the engine 
operated at design temperature ratio at equivalent design speed and zero 
guide- vane angle. 


Instrumentation 

The locations of the pressure and temperature instrumentation used 
in this Investigation are shown in figure 1. Total pressure and tem- 
perature were measured at the inlet and discharge of the compressor and 
in the tail pipe. Measurements were also made at the discharge of the 
first, second, fourth, and ninth stages. The compressor weight flow 
was computed from the data at station 1. Eotatlng stall was detected 
by use of the constant -current hot -wire -anemometer system described in 
reference 12. Anemometer probes were located in the stator passages of 
the first through sixth stages. 


PEOCEDURE 

At each guide- vane angle (-7°, 0°, 14°, and 29°), equivalent engine 
speeds from 55 to 100 percent of design were run in increments of 5 per- 
cent. At each of these speeds, data were obtained with the nozzle at 
the maximum-area position. This was the area required for rated- 
temperature operation at rated speed with the zero guide-vane angle and 
standard sea-level inlet conditions. In order to obtain interstage data 
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over a range of compressor operatioa, the nozzle ar^ vas decreased \mtil 
either limiting tail-pipe temperature or the limit of the exhaust-nozzle 
linkage was encountered. 


EESUUrS AND DISCUSSION 
Over-All Can 5 >ressor Performance 

The over-all performance of the compressor in terms of equivalent ^ 

weight flow, total-pressure ratio, and adiabatic ten^^rature-rise effl- oj 

ciency is shown in figure 2 as a function of percentage of rated equiva- 
lent speed for the rated nozzle area as determined for the zero guide - 
vane setting. At design speed a 29°- Increase in guide-vane angle 
produces a 27.5-percent decrease in weight flow, whereas a 7°-decrease 
in guide- vane angle produces a 3. 2-percent Increase in flow (fig. 2(a)). 

At all speeds above 85 percent of design, increasing the guide-vane 

tximlng decreases the wei^t flow. At speeds below about 70 percent of 

design, the highest flow is obtsLlned with the 14° guide- vane angle. ^ 

The total-pressure ratio and compressor efficiency are shown in 
figure 2(b). As the guide- vane angle is increased, the total-pressure 
ratio decreases. This is true over the entire speed range, althou^ 
the effect is more pronounced at the Mgher speeds. For the guide-vane 
angles Investigated, the hipest compressor efficiency at design speed, 

02.2 percent, is obtained with the standard guide-vane setting. At the 
lower speeds (below 80 percent of design) the 14° guide-vane angle pro- 
duces the highest efficiency. 

Also shown in figure 2 are the max1 mum speeds at which rotating 
stall was encountered along the rated-nozzle-area operating lines for 
the various guide- vane angles. With the stamdard guide-vane setting, 
stall was detected at speeds up to 70 percent of rated. Decreasing the 
guide-vane angle 7° Increased the mavlTnum speed at which stall was en- 
countered to 75 percent of design. Increasing the guide-vane angle to 
14° reduced the maximum stall speed to 67.5 percent; however, a further 
Increase in guide-vane angle to 29° resiilted in a maximum- stall -speed 
increase to 72 percent of rated. In addition, the 29° guide-vane angle 
produced a hub stall ( stall- region flow deficiency highest at the hub 
of the compressor), whereas a tip stall was measiored with the other 
three guide-vane angles. This suggests that increasing guide-vane turn- 
ing decreases the blade loading at the tip of the inlet stages, and that 
with sufficient Increase in guide-vane tiurning the hub loading of either 
the first or some succeeding stage can be made critical. The changes in 
the rotating- stall characteristics of this compressor, particularly with 
regard to rotor blade vibration, are discussed further in reference 11. 

•i 

The data of figure 2 Indicate that, with the exhaust-nozzle area 
used herein, design-speed weight flow of this compressor can be increased 
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slightly, with same decrease In design-point canipressor efficiency, hy 
decreasing the guide-vane angle 7° from, the standard setting. Low-speed 
compressor performs, nee and prohahly engine acceleration would he ad- 
versely affected hy such a decrease in guide- vane turning. In addition, 
rotating stall would persist to higher speeds with the lower gulde-vane 
angle. Part- speed performance can he improved and stall restricted to 
a slightly lower speed hy increasing the guide-vane turning. However, 
these data indicate that for this conrpreasor there is an optimira, so 
that excessive gulde-vane resetting can result in an increase in the 
maxi mum speed at which stetll is encountered. Increased gviide-vane turn- 
ing decreases the weight flow and con^ressor efficiency at design speed. 


Stage Characteristics 

Stage performance characteristics were measured with each of the 
four guide-vane angles for the first stage, the second stage, stages 3 
and 4, stages 5 to 9, and stages 10 to 13. The performance is shown in 
figures 3 to 7 with temperature and pressure coefficients as functions 
of flow coefficient. These performance parameters are defined in ref- 
erence 1. 

The pertinent performance data which indicate the stage character- 
istics for each of the groups with the four guide-vane angles are listed 
in the following table. These include the maximum flow coefficient, the 
maximum pressure coefficient, and the flow and temperature coefficients 
at TTiaxlTmTm pressiore coefficient. 


SUMMAHT OF PEKPIHEIiT 8IAGE-PEE?FCIRMAlfCIE DATA WITH VARIOUS C3UIDE-VAHS AMOtES 


Steigea 

Meoclmm flow 
coefficient 

Maximum pressvire 
coefficient 

Flow coefficient at 
Tnairl tthtwi pi*eesure 
coefficient® 

Temperature coeffi- 
cient at TTwy<TTnmi 
pressure coefficient® 

Giiide-vane angle, deg 

-7 

0 

■ 14 

29 

-7 

O' 

14 

29 

-7 

0 

14 

29 

-7 

0 

14 

29 

1 

0.52 

0.50 

0.46 

0.39 

0.44 

0.42 

0.34 

0.24 

0.45 

0.44 

0.37 

0.26 

0.45 

0.43 

0i35 

0.27 

2 

.50 

.50 

.50 

.50 

.28 

.29 

.31 

.30 

.44 

.42 

.42 

.42 

.37 

.39 

.39 

.37 

3 to 4 

.49 

.49 

.49 

.48 

.34 

.34 

.33 

.33 

.41 

.40 

.40 

.43 

.37 

.38 

.38 

.37 

5 to 9 

.46 

.46 

.46 

.46 

.29 

.29 

.30 

.29 

.41 

.39 

.39 

.40 

.34 

.34 

.34 

.34 

10 to 13 

.40 

.40 

.40 

.39 

.12 

.13 

.14 

.14 

.37 

.37 

.36 

.36 

.15 

.15 

• 

H 

0) 

.18 


®Where maxlnium-pressiire coefficient is obtained over range of flew coefficient, average 
flow coefficient for Tna-ii-tmiim pressure coefficient is listed. 


In the first stage, the maxi imnn flow and pressure coefficients both de- 
crease with increased gulde-vane turning. The flow and temperature- 
rise coefficients at maximum pressure coefficient for the first stage 
also decrease with increased guide-vane turning. The performance char- 
acteristics of all other stages in the compressor are essentially un- 
affected by gulde-vane turning. These results are consistent with those 
of references 4 to 6. 
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The design vector diagrams and binding details were not available 
for this compressor, so that an analysis of the effect of g\iide-vane 
turning on compressor characteristics coiild not be madej however, some 
of the results obtained can be explained on the basis of analyses made 
on other axial-flow compressors (refs. 4 to 6). These analyses were 
based on satisfying the simple-radial-equilibrium condition between each 
blade row. As guide-vane turning is increased, the radial-equilibrium 
condition requires that the axial velocity at the tip decrease relative 
to that at the hub. The decrease in axial velocity at the tip tends to 
compensate for the increased guide-vane turning, so that little change 
in angle of attack occurs at the tip of the first rotor. At the hub 
sections the axial velocity increases with increased guide-vane turning, 
thereby producing a large angle -of -attack decrease. Because of the 
large decrease in angle of attack at the hub, the first- staige rotor can- 
not pass the design weight flow at design speed; therefore, the maximum 
flow coefficient for the stage decreases with increasing guide-vane 
turning. 

Since a decreased tip axial velocity is required to satisfy the 
radial -equilibrium condition with increased guide-vane turning, and be- 
cause the higher-guide- vane-tuming configuration operates at a lower 
design-speed weight flow (or inlet axial-velocity level), the tip angle 
of attack on the first rotor row is usually hi^er with the higher guide- 
vane turning. Inasmuch as the first-rotor tip sections are usiaally most 
critical with respect to stall, it appears that the increased tip angle 
of attack with increased guide-vane turning makes the tip sections even 
more critical, so that no improvement in stall-free speed range results. 
Angle of attack, however, is not a sufficient criterion for blade-row 
stall; blade-element loading must also be considered. A velocity-diagram 
parameter for blade loading developed in reference 15 has been labeled 
diffusion or D factor. An analysis of the flow across a first-rotor 
blade row with vaurlous guide- vane angles (ref. 6) shows that increased 
guide-vane tiirntng decreases the loading or D factor along the whole 
blade span. Because of this decreased blade loading, increased guide- 
vane turning increases the stall-free speed range and improves low- speed 
performance. The lack of vector diagrams and blading details for the 
compressor used herein precliides the possibility of determining the rea- 
son for the hub stall encountered with the 29^ guide-vane angle. 

Guide-vane turning has little effect on the axial-velocity distribu- 
tion after the first rotor (ref. 6). This, plus the fact that the angle 
distribution after the first stator is unaffected by guide-vane turning, 
means that the performance of all stages after the first stage will have 
essentially the same perfoimance at a given flow coefficient regardless 
of the guide -vane angle. 
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Over-All Engine Performance 

The equivalent thrust and specific fuel consumption obtained with 
the various guide- vane angles and the rated nozzle area are shown in 
figure 8 as functions of percentage of equivalent design speed. The 
thrust and specific fuel consumption have been divided by the respec- 
tive values obtained at rated speed with the standard guide- vane angle. 
At design speed the thrust can be increased about 8 percent by decreas- 
ed ing the guide- vane angle from cP to -7°. The Increase in thrust is ac- 

3 companied by a 2-percent increase in fuel consumption. Large decreases 

in design-speed thrust (up to 50 percent with the 29° guide-vane angle) 
can be obtained by increasing the guide-vane turning. Althou^ this 
method of thrust control cannot be considered for cruise because of the 
large Increases in specific fuel consumption that are Incvirred, it would 
be possible to use the adjustable guide vane to reduce landing thrust. 
This method would have an advantage over obtaining decreased thrust by 
engine speed decreases^ because the tlirust wo\ild be rapidly recoverable 
in the event of any type of wave- off. 


SUMMARY OF RESULTS 

An investigation of the effects of adjusting inlet- giiide -vane 
angle on over-all canpressor,, stage^ and over-all engine performances 
gave the following restilts: 

1. At hi^ compressor speeds (above 85 percent of design) increas- 
ing the guide-vane turning decreased the weight flow. The weight flow 
at design speed was decreased 27.5 percent by increasing the guide-vane 
angle from 0° to 29°. A guide -vane -angle decrease of 7° from standard 
produced a 3. 2-percent increase in weight flow. 

2. The total -pres sure ratio was decreased at all speeds with in- 
creased guide-vane turning. The highest ccanpressor efficiency at Mgh 
speeds was obtained with the standard guide- vane angle ; at low 
speeds the 14° guide-vane angle produced the highest conpressor 
efficiencies . 

3. Increasing the guide-vane angle from -7° to 14° decreased the 
maximum speed at which rotating stall was encountered aH.ong the rated- 
nozzle-area operating line from 75 to 67.5 percent of rated equivalent 
speed. A further Increase in guide-vane setting to 29° Increased the 
Trwy i Tmmi stall speed to 72 percent of rated and changed the stall con- 
figuration from a tip to a hub stall. 

4. Increased guide- vane tirming reduced the maximum flow coeffi- 
cient, pres store coefficient, and temperature coefficient for the first 
stage. The perfoormance of all other stages was essentially unaffected 
by guide- vane turning. 
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5. Design-speed thrust was increased 8 percent and specific fuel 
consumption increased 2 percent by decreasing the giiide-vane angle 1 ° 
from standard. A 50-percent decrease in design-speed thrust was ob- 
tained by increasing the guide-vane angle 29° frcm standard. 


Lewis Plight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, November 23, 1955 
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(b) Ibtal-pressiire ratio and adiabatic temperature-rise 
efficiency. 

Figure 2. - Concluded. Sffect of guide-vane angle on cotqpres- 
sor performance. 
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(a) Ouide-vane angle, -7^. 
Figure 3. - First-stage performance. 
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Figure 5. • Continued. First-stage performanoe. 


3901 










Speed, 

percent design 

100 

95 

90 

85 

SO 

75 


Q 

70 

O 

65 

0 

60 

Ci 

55 



S' 









Pressure coefficient Temperature coefficient 


10 


NA.CA EM E55K23 



(c) Guide-Yone angle, 14°. 

Figure 4. - Continued. Second-stage performance 
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Figure 5. - Conoluded, Ferfoivanoe of third and fourth stages. 
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(d) Guide -vane angle , 29°. 
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Figure 8. - Effect of gulde-vane angle on equivalent thrust and specific fuel consumption. 
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